Vibrio anguillarum causes a fatal hemorrhagic septicemia in marine fish that leads to great economical losses in aquaculture world-wide. Vibrio anguillarum strain NB10 serotype O1 is a Gram-negative, motile, curved rod-shaped bacterium, isolated from a diseased fish on the Swedish coast of the Gulf of Bothnia, and is slightly halophilic. Strain NB10 is a virulent isolate that readily colonizes fish skin and intestinal tissues. Here, the features of this bacterium are described and the annotation and analysis of its complete genome sequence is presented. The genome is 4,373,835 bp in size, consists of two circular chromosomes and one plasmid, and contains 3,783 protein-coding genes and 129 RNA genes.
Introduction
Vibrio anguillarum is a marine pathogen that causes a fatal hemorrhagic septicemia, termed vibriosis, in cultured and wild fish as well as in mollusks and crustaceans [1, 2] . Vibrio anguillarum is also known under the name Listonella anguillarum [3] , which is a later heterotypic synonym [4] . Twenty-three serotypes of V. anguillarum are reported and of these, only serotypes O1, O2, and to a lesser extent O3, are the main causes of vibriosis in fish [5] [6] [7] . Although vaccines and other preventive measures are in use, vibriosis still has a devastating economical impact on the contemporary larviculture and aquaculture industry worldwide [1, 2] .
Despite a significant body of research, our understanding of the virulence mechanisms of V. anguillarum is far from complete [2, 8] . A recent assessment of 15 serotypes O1, O2, and O3 isolates in a sea bass larvae model indicated that the virulence of V. anguillarum is highly complex requiring multiple instead of a few crucial virulence determinants [9] . Whole genome sequencing of different isolates will further our research to elucidate the vital factors this pathogen utilizes to cause disease.
Recently, the complete genome sequences of two V. anguillarum serotype O1 strains have been determined. Strain 775 is an isolate from Coho salmon (Oncorhynchus kisutch) in the United States Pacific coast and strain M3 was isolated in China from Japanese flounder (Paralichthys olivaceus) [10, 11] . In this study, the complete genome sequence of V. anguillarum NB10, a virulent, serotype O1 strain, isolated from diseased fish on the Swedish coast of the Gulf of Bothnia, is presented [12] .
Organism information

Classification and features
Vibrio anguillarum strain NB10 belongs to the class of Gammaproteobacteria as part of the Vibrionaceae family (Table 1 and Additional file 1: Table S1 ). The cells display the characteristic curved, rod-shaped morphology of the Vibrio genus ( Fig. 1) and possess a single polar, sheathed flagellum that is required for colonization of rainbow trout [13] [14] [15] . Cells are typically 1-2 microns long and 0.5 microns in width. Colony morphology on tryptone soy agar containing 0.5 % NaCl is a cream-colored, round colony that may sector into translucent and opaque colony types, which may be due to alterations in the expression of outer membrane proteins [16] . The bacterium forms yellow colonies on the vibrio-selective medium thiosulfate-citrate-bile-sucrose agar indicating the fermentation of sucrose. This strain grows at 15-30 o C but does not survive at 37 o C; in 0.5-4 % NaCl with optimum growth occurring at 1 % NaCl in rich media (unpublished data, D.L. Milton). Strain NB10 is highly virulent for at least two species of fish: rainbow trout (Oncorhynchus mykiss) and Atlantic salmon (Salmo salar) [13, 17] . Numerous genetically encoded virulence factors have been identified, such as iron transport systems, flagellum/motility, hemolysins, metalloproteases, lipopolysaccharides, exopolysaccharides, repeat toxins, outer membrane proteins, and a type IV pilus [1, 8] . Figure 2 shows the phylogenetic neighborhood of V. anguillarum NB10 in a 16S ribosomal RNA based tree.
Genome sequencing information
Genome project history
Vibrio anguillarum strain NB10 is highly virulent for marine fish and was isolated from the Gulf of Bothnia, a brackish sea off the coast of Norrbyn, Sweden [12, 18] . Genome sequencing was performed by Eurofins MWG GmbH and the Norwegian Sequencing Centre. Finishing and annotation of the genome was performed at the Department of Molecular Biology at Umeå University and at the Department of Chemistry at UiT:The Arctic University of Tromsø, respectively. The genome project has been deposited at the European Nucleotide Archive under the ID number 251627 and accession number PRJEB5701. The accession number for plasmid p67-NB10 is LK021128, for Phylum Proteobacteria TAS [56] Class Gammaproteobacteria TAS [57, 58] Order 'Vibrionales' TAS [56] Family Vibrionaceae TAS [59] [60] [61] Genus Vibrio TAS [59, 60, [62] [63] [64] Species Vibrio anguillarum TAS [4, 60, 64] Strain: NB10 TAS [12, 18] Serotype O1 IDA The tree is built with RDP Tree Builder, which uses Weighbor [52] with an alphabet size of 4 and length size of 1000. The building of the tree also involves a bootstrapping process repeated 100 times to generate a majority consensus tree [53] . Bar equals 1% sequence difference. Only significant bootstrap values are indicated Fig. 1 Scanning electron microscopy of V. anguillarum NB10 attached to a scale from an infected rainbow trout. The left image was taken at a 3,500× magnification and shows that the bacterium colonizes the groove of a growth ring. A highly motile skin epithelial cell called a keratocyte is shown above the growth ring and V. anguillarum evades internalization by the keratocytes [51] . The right image is a higher magnification (20,500×) of V. anguillarum cells attached to the surface of the fish scale. In this image, the curved, rod-shape of the bacterium is visible as well as the single polar flagellum. To obtain samples, rainbow trout, 15 g in weight, were infected with V. anguillarum NB10 via bathing in infected seawater. At 48 h post-infection at 22°C, scales were removed from lesions that formed on the skin, washed 3× in phosphate buffered saline, and fixed in 2.5 % gluteraldehyde. Electron micrographs were taken using a Cambridge Stereoscan 360 iXP scanning electron microscope at the Electron Microscopy Platform at the Umeå University Core Facility for Electron Microscopy chromosome 1 is LK021130, and for chromosome 2 is LK021129. A summary of the project information is shown in Table 2 and Table S1 .
Growth conditions and genomic DNA preparation
Vibrio anguillarum NB10 was grown in tryptone soy broth containing 1 % sodium chloride with shaking at 24 o C overnight. For the Roche 454 and PacBio genomic sequencing, genomic DNA was extracted using the Qiagen DNeasy blood and tissue kit according to the manufacturer's instructions. For gap closures, the genomic DNA, which was used as template for Sanger sequencing, was extracted using the Qiagen Blood and Cell Culture Midi Kit according to the manufacturer's instructions.
Genome sequencing and assembly
The genome was sequenced using the Roche/454 GS FLX system equipped with Data Analysis Software Modules v.2.3 [19] . A total of 442,045 reads representing 20-fold coverage of the genome were assembled using the Roche genome assembler Newbler. The assembly resulted in 112 contigs >500 bp. Custom primers were designed to anneal to the ends of the contigs. Gaps between contigs were closed by PCR amplification followed by fragment sequencing. Several gaps could not be closed using this method due to long stretches of repeated sequences. Consequently, the total genome was sequenced a second time using the Pacific Biotechnologies PacBio RS II singlemolecule, real-time sequencing technology. Library construction, which contains >10-kb fragments, and sequencing using the PacBio RS II system were performed according to Pacific Biosciences instructions, which may be found on their website [20] . A total of 60,000 reads with a genome coverage of 60-fold were obtained. The sequence reads were assembled using a hierarchical genome-assembly process module from Pacific Biosciences [21] . The HGAP module utilizes the Smrtanalysis, version 2.0.1 to assemble the raw sequence reads and corrects the longest reads utilizing the smaller reads to find a consensus sequence. The corrected reads were then assembled using the Celera Assembler and Quiver softwares resulting in two large contigs associating with chromosome 1 and 2 as well as one small contig representing the plasmid. Error rate of the completed genome sequence using the PacBio RS II system is less than 17 in 50,000 base pairs and the error rate for the Roche/454 GS FLX system is less than 1 in 100,000 base pairs.
Genome annotation
Coding sequences were predicted using the Glimmer3 program [22] . The numbering of CDSs for each chromosome follows clockwise from the end of the predicted origins of replication at 367 nt and 366 nt for chromosome 1 and 2, respectively. These CDSs were translated, and used to search the National Center for Biotechnology Information nonredundant database as well as the Uniprot and InterPro databases followed by manual curation to assign functional annotation. Using the Basic Local Alignment Search Tool [23] , homology searches of all CDSs were done against the Clusters of Orthologous Groups database [24] enabling the assignment of COG functional categories to the CDSs. The tRNAscan-SE 1.21 tool [25, 26] was used to identify tRNA genes; the RNAmmer 1.2 program [27] was used to identify rRNA genes; and the Rfam database [28] and manual curation was used to identify other non-coding RNAs. SignalP server versions 3.0 and 4.0 [29, 30] were used to predict proteins that have signal peptides utilized to target proteins for secretion. The TMHMM server version 2.0 [31] was used to predict transmembrane helices in the proteins. The PHAge Search Tool [32] was used to detect prophage sequences within the genomes. Potential genomic islands were identified using the IslandViewer web server [33] and putative insertion sequences were identified using ISFinder [34] . Putative chromosomal origins of replication were located using the Ori-Finder program [35] followed by manual curation with the help of V. cholerae studies that characterized the origins of replication for chromosome 1 [36] [37] [38] and chromosome 2 [36, 39, 40] in this organism.
Genome properties
The complete genome of V. anguillarum NB10 includes two circular chromosomes totaling 4,307,037 bp and one circular plasmid p67-NB10 totaling 66,798 bp, which together give a total genome size of 4,373,835 bp with an average GC content of 44.4 %. Putative oriC origins of replication were identified for both chromosomes. For chromosome 1, an oriCI region similar to that found in other γ-proteobacteria was found and spans 481 nucleotides (3,119,582 -367 nt) [36] [37] [38] . For chromosome 2, an oriCII region similar to that of V. cholerae and other Vibrio species [36, 39, 40] was found and spans 366 nucleotides (1-366 nt). In addition, an incII incompatibility region similar to that of V. cholerae was found upstream of the oriCII region (1,186,667 -1,187,342 nt). In V. cholerae, incII negatively regulates chromosome II replication [36, 39] 
Not in COGs
The total is based on the total number of protein coding genes in the genome 
Insights from the genome sequence
Comparison to other fully sequenced V. anguillarum serotype O1 strains
The genome of V. anguillarum strain NB10 was compared to the published genomes of V. anguillarum serotype O1 strains 775 and M3 [10, 11] . The results are summarized in Table 6 . The origin of replication for chromosome 1 oriCI is identical in all three strains and for chromosome 2, the NB10 oriCII is 99 % identical to that of the 775 and M3. For NB10, we chose to start both chromosomes at their respective origins of replication. The compositional symmetry reflected in the chromosomal GC skews shown in Fig. 3 supports correct trimming of the NB10 replicons. The plasmids in all three strains differ by only a few hundred base pairs, are highly identical with each other, and encode a siderophore-based iron-utilization system that is required for virulence [42, 43] . Compared to strains 775 and M3, the NB10 chromosome 1 is larger by about 56,000 bp and chromosome 2 is increased by about 199,000 bp. To determine if the extra 255,000 bp is unique to the NB10 strain, a BLAST comparison of the three genomes using the BRIG (Blast Ring Image Generator) program [44] and using NB10 as the reference strain was done (Fig. 3) . Since horizontal transfer of DNA is a common method for acquiring new DNA in strains, we also screened the three genomes using similar parameters for genomic islands and prophages using the IslandViewer and PHAST search tools and the presence of integrons was determined by identifying attC sites, a feature of small mobile gene cassettes that are captured by integrons [45] . These data are summarized in Table 6 and predict that NB10 contains two prophages, a 44.1-kb intact and 45.7-kb questionable, that are not found in strains 775 and M3 and more GIs, of which many are unique, compared to strains 775 and M3. Table 7 presents the location, size, and predicted CDSs for each of the predicted prophages, GIs, and gaps of sequences that are missing in strain 775 and M3. These genomic differences are discussed in detail below.
Prophage regions
Prophages are bacteriophages that are integrated into the genome and that are diverse mobilizable elements that play a role in horizontal gene transfer. Three putative prophage regions were identified (Table 7 and Fig. 3 ). Chromosome 1 contains a partial 8.7-kb prophage (Phage_Bacill_G) that is also found in the 775 and M3 genomes and an intact prophage (Phage_Pseudo_vB_PaeS_PMG1) with a size of 44.1 kb that is unique to strain NB10 and that encodes 43 phage-related and 33 hypothetical proteins. Chromosome 2 contains a questionable 45.7-kb prophage (Phage_Stx2) that is also unique to strain NB10. In comparison, strain 775 contains no additional prophages; while, strain M3 contains a second partial 27.5-kb prophage (Phage_Entero_M13) on chromosome 2.
Genomic Islands (GIs)
Genomic islands (GIs) are clusters of genes, typically >8 kb in size, that likely originate from horizontal gene transfers and that often play a role in the adaptation of bacteria to their environment or host [46] . GIs impact bacterial evolution significantly and the identification of GIs within genomes provides insight into differences between bacterial species and strains. For strain NB10, 29 putative GIs that range from 4.2 kb to 41.9 kb were detected using the IslandViewer tool (Table 7) . Of these, 19 are localized to chromosome 1 and 10 to chromosome 2 (Fig. 4) . Twenty GIs contain genes that are often associated with the islands, such as tRNAs, transposases, integrases, and phage-related genes. Of the nine that do not contain these typifying genes, GI-4 contains CDSs encoding ribosomal proteins, while GIs-8,14-17 contain CDSs involved in O-antigen biosynthesis. Nineteen of the GIs are found in strains 775 and M3; while, 10 GIs are unique to strain NB10 and their genomic locations are shown in Fig. 3 . Overall analyses of the CDSs within all GIs indicate that most encode hypothetical proteins. No obvious virulence genes were detected; however, 7 GIs carried CDSs for toxin-antitoxin systems, in particular that of hipAB, which plays a role in antibiotic tolerance and persistence [47] .
(See figure on previous page.) Fig. 3 BRIG blast analyses of the two V. anguillarum serotype O1 chromosomes. The genome of strain NB10 was used as the reference genome (the inner circle) and compared to the sequenced genomes of strains 775 (blue circle) and M3 (orange circle). Regions showing genomic gaps (GGs) that are missing in strains 775 and M3 are uncolored and are labeled using GG-A to GG-J. In addition, the genomic islands (GIs) and the prophage that are embedded within these genomic gaps are indicated. Refer to Table 7 for exact locations and sizes of the prophages, GIs, and GGs
Integrons
Integrons are genetic units that contain and disseminate small mobile elements called gene cassettes and thus contribute to genomic diversity [45] . Gene cassettes carry a gene, any gene, and an attC site, which is recognized by an integron enabling it to splice cassettes into its integration site. The integration of gene cassettes may occur over and over creating a string of gene cassettes. A consensus V. anguillarum NB10 attC site sequence repeat was predicted (5'-TAACAAACGnnTCAAGAGGGAnnGnCAACGC-3', unpublished data, K.O. Holm) [48] and used to identify integrons by localizing attC sites in the three different genomes. In all strains, attC sites were localized only in chromosome 2 and the number of attC sites did not differ much. However, in NB10, the location of the attC sites were all found within a 154.4-kb region, which represents 3.5 % of the genome and lends support to this location representing a putative superintegron with highly diverse gene cassettes of mostly unknown functions. In particular, this putative superintegron is highly similar to that characterized in the V. cholerae strain N16961 since the NB10 integrase shares identity with the V. cholerae VchIntIA integrase [48] . In contrast, for strains 775 and M3, the attC sites were found at 5 different locations distributed throughout chromosome 2. Whether this difference reflects putative geographical and/or different ancestral characteristics needs further investigation.
Genomic regions unique to strain NB10
The NB10 genome is around 255,000 bp larger than the genomes of strains 775 and M3. A comparative analysis using BRIG was performed to identify CDSs unique to NB10. Figure 3 indicates the location of 10 genomic gaps ranging from 1.9 kb to 74.2 kb in strains 775 and M3 compared to strain NB10. Table 7 gives the base pair coordinates for each gap. All but one genomic gap (GG-G), which was found on chromosome 1 of strains 775 and M3, contained CDSs unique to strain NB10. The majority of these CDSs encode hypothetical proteins. However, a few CDSs were identified that may provide strain NB10 an advantage either in its host or in its aquatic environment. The GG-A contains a CDS for a haem peroxidase that may play a role in oxidative stress aiding colonization of the host [49] . Numerous CDSs encode putative toxinantitoxin systems, which have been reported to play a role in antibiotic tolerance, persistence, stress response, and virulence in some bacteria [50] . Many of the CDSs within these genomic gaps may be genes with not yet known functions, as they were not found within other bacterial species using a BLAST search.
Conclusions
In this study, the complete genome sequence of the V. anguillarum strain NB10 serotype O1, a virulent isolate from the Gulf of Bothnia, Norrbyn, Sweden, is presented. Genome comparisons were done with the complete genomes of two other virulent, O1 serotype V. anguillarum strains, M3 and 775. Although the genomes of M3 and 775 strains are quite similar in size, the genome from the NB10 strain was shown to contain an extra 255,000 bp that are unique to this strain. The extra DNA is predicted to contain two putative prophages as well as a number of GIs and genomic gaps, all of which are predicted to encode mostly hypothetical proteins with no obvious roles in virulence. The roles of the extra genomic sequences found in the V. anguillarum strain NB10 compared to strains 775 and M3 remain to be determined. However, a few genes were found in the extra DNA regions that may be (See figure on previous page.) Fig. 4 Genomic islands (GIs) of strain NB10 as predicted by the IslandViewer web server. Predicted GIs are colored within the circular image based on the tools used: SIGI-HMM, which predicts GIs based on a hidden Markov model (orange); IslandPath-DIMOB, which predicts GIs based on features associated with genomic islands, such as sequence bias, tRNAs, and integrases and transposases (blue), and an integration of three methods IslandPath-DIMOB, SIGI-HMM and IslandPick, which predicts based on comparative genomics (red). The black line represents the percent GC Numbers indicate attC sites found with a consensus sequence of 5'-TAACAAACGnnTCAAGAGGGAnnGnCAACGC-3'. This sequence makes up a repeat region at the 5'end of the 126-127-bp attC sites within the NB10 strain, (unpublished data, K.O. Holm) and indicates the number of integron-associated gene cassettes found in each strain [48] . The attC sites occur solely within chromosome 2 but are distributed differently in the three strains Gaps indicate regions of the NB10 genome that are not found in the genomes of strains 775 and M3 as detected by BLAST searches using the BRIG program [44] 
